could not address all the parameter space of the theory, the lineshapes and the pressure dependence could be verified under low-field conditions. NO could be detected down to a partial pressure of 13 µTorr, which demonstrates the feasibility of FAMOS for sensitive detection of NO addressing its strong electronic band. 2010 Optical Society of America OCIS codes: 010.0280, 020.0020, 020.7490, 120.0280, 300.6540, 300.6260, 300.6390.
Introduction
Nitric oxide (NO) is a environmentally hazardous, reactive and strongly toxic pollutant that contributes to ground-level ozone, causes smog and acid rain, and gives rise to direct health effects [1] [2] [3] . It is mainly anthropogenically produced by, for example, vehicle engines, power and incineration plants, and cigarette smoke [4] [5] . On the other hand, NO is also an important intermediate in the chemical industry and an essential signaling molecule that participate in many physiological and pathological processes within the mammalian body [3, [6] [7] [8] [9] [10] [11] . All this makes it of importance to monitor and assess the presence of NO under various conditions. This requires first of all access to a detection technique with sufficient sensitivity. In addition, since gas samples from industrial processes as well as from biological sources, e.g. combustive emissions and exhaled human breath, usually contain large amounts of water and carbon dioxide that often interfere with the detection of other constituents, also a good species selectivity is needed. This calls for a technique that allows for on-line detection of NO with a detectability in the low (or preferably also sub-) ppb·m range in the presence of significantly higher concentrations (often percentages) of concomitant species.
The most common non-extractive technique for on-line detection of molecular species in gas phase is based upon diode laser Absorption Spectrometry (AS) and referred to as Tunable Diode Laser Absorption Spectrometry (TDLAS) [12] [13] [14] [15] . For robust implementation, it often uses Distributed Feedback Lasers (DFB) to address various overtone bands and incorporates Wavelength Modulation Spectrometry (WMS) for reduction of noise [16] [17] [18] [19] [20] . Although this technique is versatile and regularly used for detection of a number of species under various conditions [12] [13] [14] [15] [21] [22] [23] [24] [25] [26] [27] , its detectability is not yet sufficient for in-situ detection of NO [28] [29] [30] [31] [32] [33] [34] , primarily caused by a combination of low transition probabilities of the overtone bands in 3 the infrared (IR) region and a lack of reliable diode lasers producing light in the wavelength regions of these bands. In addition, the overtone bands are susceptible to spectroscopic interferences from concomitant species, which can hamper quantitative assessments. It is therefore of interest to develop alternative methodologies for detection of NO, with respect to both increased sensitivity and selectivity.
Since transitions in the fundamental vibrational band in the mid-IR (MID) region in general have two or three orders of magnitude larger linestrengths than those in the overtone bands, an attractive way to improve on the sensitivity of conventional TDLAS techniques is to address such transitions. Although this was technically complicated and non-trivial until some years ago, primarily due to the lack of reliable laser sources at these wavelengths, the recent development of Quantum Cascade (QC) lasers has opened up for new possibilities. Detection of NO in ppb and sub-ppb concentrations (in single and multi-pass pass configurations respectively, utilizing an appropriate modulation technique), has been demonstrated during the last years using QC lasers addressing the fundamental vibrational band at ~5.3 µm .
On the other hand, the linestrengths for electronic transitions in many types of molecules are significantly larger than those of the fundamental vibration (by around two orders of magnitude for NO [57] ). Such transitions give therefore rise to even stronger absorption signals whenever they can be addressed [57] [58] . An alternative approach for efficient detection of NO, which has the potential to provide even higher sensitivities, is therefore to address its electronic transitions. It was recently shown by Shao et al. that NO could be detected in low ppb·m concentrations by direct absorption spectrometry (DAS) in a single pass configuration utilizing a fully diode-laser-based (DLB) laser system producing mW power of light in the UV region by addressing the electronic 2 ( 0)
band [57] . In addition, electronic 4 transitions appear in wavelength regions less affected by spectral interferences than vibrational transitions. All this makes the electronic transitions an interesting alternative for sensitive detection of NO.
However, since the electronic transitions in the NO molecule are in the UV region (predominantly around 226 and 227 nm), and diode lasers produce light preferably in the visible or the IR region, frequency conversion (most often frequency doubling) in one or several stages has to be used to achieve the appropriate wavelengths. Since frequency conversion processes yield a higher level of noise, the previous detection of NO by DLB-AS in the UV region (DLB-UV-AS) was limited by laser excess noise [57] . It is therefore expected that an improvement of the detectability of NO can be obtained if DLB-UV-AS can be combined with a modulation technique.
Unfortunately, it is non-trivial to combine DLB-UV-AS with the most common modulation technique, WMS, since it normally utilizes a modulation of the wavelength of the light in the kHz (of tens of kHz) ranges. The reason is that frequency doubling of continuouswave light needs to be performed in frequency-locked resonant cavities to be efficient.
Modulation of a frequency-doubled laser over a Doppler or pressure-broadened absorption profile in the UV region (which often has a width of a couple of GHz) puts large strain on the locking and gives therefore rise to significant amount of intensity noise. In a similar way, frequency modulation (FM), which is an alternative modulation technique, and which often incorporate the use of an external electro-optical modulator (EOM), is difficult to achieve because of the lack of EOM material in the UV range. Hence, none of the most common modulation techniques is suitable for DLB-UV-AS.  . This implies that the conventional description of FAMOS, which addresses pure rotational-vibrational transitions of NO, cannot be used to describe the signal shape or strength. In fact, no theoretical description of FAMOS addressing the 8 only be performed for magnetic field amplitudes up to ~150 G [63, 70] ). Despite this, it could verify the predicted lineshapes and the magnetic field and pressure dependence under low-field conditions. The work also finally demonstrates that FAMOS addressing electronic transitions truly has the potential of detecting NO at (sub-or low) ppb·m concentrations.
Theory
As has been discussed in some detail in the accompanying work A. The energy level structure of NO: The
band contains 12 types of branches, not three
The energy level diagram pertinent to the electronic transitions in the
band of NO is schematically illustrated in Fig. 1 . Due to the small  -type doubling, these two branches overlap strongly. Hence, excitation of a transition in the 22 
B. A simple two-transition model
It was shown in the accompanying paper [80] that it is possible to describe the signal generation process for FAMOS addressing a single transition within the electronic 
,, 
where  is the angular frequency of the modulation. Finally, , ,0, ,
where  is an instrumentation factor (comprising the sensitivity of the detector and the gain of 
Simulations
Using a previously developed simulation program for absorption of light in the marked with an asterisk in both panels, since they were found to be the strongest lines in a lightly congested part of the spectrum. Figure 2 (b), which shows the corresponding Doppler broadened spectrum from 300 ppm NO in N 2 at a total pressure of 0.01 atm and at the reference temperature, illustrates that these two transitions can, to a first order, be considered as a single unsplit transition, with no spectral overlap with any neighboring line.
Experiment and Process
The experimental set up is schematically illustrated in Fig. 3 . The instrumentation is based upon a fully-diode-laser-based UV laser system producing mW powers at ~226.6 nm that has been described previously (Toptica, TA-FHG-110) [63] . In short, it consists of an external-cavity diode laser (ECDL) laser whose output is first amplified in a tapered amplifier before it is frequency doubled in two consecutive resonant frequency doubling systems. The light was sent through two nearly crossed Rochon prism polarizers (CVI Melles Griot, RCHP-5.0-MF) with extinction ratios of about 10 -5 placed on each side of a 10 cm long fused silica cell with wedged windows into which gas was let by the use of a combined gas and vacuum system. The polarizer behind the cell (also referred to as the analyzer) was offset with respect to the perpendicular direction of the first polarizer by an angle of 12°. The transmitted light was detected by a UV sensitive GaP detector (New Focus, Large Area UV photoreceiver Model 2032).
The magnetic field was generated by a coil (with an inner diameter of 76 mm) made of 530 turns of a copper wire, which was coupled in series with a capacitor (with a capacitance of 0.31 µF) to create a resonant circuit with a resonance frequency of 2.5 kHz. A lock-in amplifier served two purposes; in addition to demodulating the detector signal, it generated the sinusoidal signal that was used to modulate the magnetic field at the resonance frequency. This modulation signal was fed to a power amplifier (PA, APart, Pubdriver 2000) whose output was driving the resonant circuit. The maximum magnetic field amplitude was ~150 G, limited by the power of the PA. Hence, the system had properties similar to those previously used for detection of FAMOS on ro-vib transitions [70] . The output of the lock-in amplifier was sent to a computer equipped with a 16-bits A/D card (National Instruments, DAQmx 6251) and sampled and stored using LabVIEW software. The system also incorporated a wavelength meter (WM, Burleigh, WA-1500M) for wavelength calibration.
Scanning was achieved by supplying the ECDL in the UV-laser-system with a slowly in UV, which is slightly more than ten times the Doppler width of the NO transition. Data was acquired at a rate of 6 kHz. NO was available with a concentration of 100 ± 10 ppm in N 2 in a cylinder (AGA, Sweden). Experiments were made with this gas at various total pressures. All experiments were done in room temperature, assumed to be 23 ºC (296 K).
Results
A number of FAMOS spectra from the overlapping 22 previous observations [76] , it was considered sufficient to model the system as a single twotransition system. In addition, although the experimental conditions could not guarantee a homogeneous magnetic field over the interaction region, neither in the axial, nor in the radial direction, the simulations were made for a single magnetic field amplitude. Moreover, due to the associated intensity modulation of the laser, the fits were based on Eq.
(1) assuming a sinusoidal power over the scan, 0 () It . Furthermore, the detected signals also comprised a certain yet unidentified non-specific background. To account for this, the fits included also a modeling of a background assumed to be proportional to the instantaneous power. The lowermost part in each panel displays the residual between the fit and the measured data.
As can be seen from the figure, there is a reasonably good (although not perfect) agreement between the various spectra and the fits. The theoretical model accounts for the major features of the FAMOS signal. The rms of the residual is around 3 % for the lowest pressure but consistently around 1 -1.5 % for the higher pressures. For the latter ones, the center parts of the residuals are fully reproducible which shows that they have a systematic (and thus not a stochastic) origin, assumed to originate from either a non-complete overlap of the two 
Discussion and Conclusions
This work constitutes the first demonstration of detection of nitric oxide (NO) by the FAMOS technique addressing transitions in the strong electronic it is expected that the detectability of the technique can be substantially improved in the future. A more thorough investigation of the detectability of the technique will be performed when the system has been modified to accommodate for the optimum conditions. 
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